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ABSTRACT

The IVORY CORAL program is an outgrowth of early ARPA over-~the-
horizon radar research. The primary objectives of the IVORY CORAL
program were to modify the ionosphere in a controllable manner, te de-
termine the characteristics of the modified volume, and to develop and

verify models of the modified volume.

The results of the IVORY CORAL program clearly demonstrate that the
ionosphere can be modified and characterized when illuminated with rea-
sonable RF power densities. Changes in the ionospheric electron density,
electron temperature, and collision frequency have been observed and are
reasonably well understood. Structuring of the modified volume has been
observed using a variety of radio scattering and scintizlation methods.
An understanding of some of the mechanisms responsible for the structuring
has been developed, although areas nf uncertainty remain. Of particular
interest are the theoretical descriptions of incoherent backscatter ob-
servations in texrms of the excitation of plasma instabilities, and the
observation of strong, field-aligned scattering at E- and F-region alti-
tudes, for which a theoretical understanding is just now developing.
Significant modifications of airglow have also been observed and some

theoretical explanations have been offered.

The variety and richness of the scientific results of the IVORY CORAL
program clearly demonstrate the validity of the concept of RF modification
and characterization of the ionosphere. Numerous phenomena were observed
and pursued in varying levels of detail. In some cases adequate theories

were developed, while in other cases a full understanding does not yet

exist. Numerous areas for fruitful experimental and theoretical work have
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been identified. In terms of technical accomplishment, the IVORY CORAL
program stands as a milestone in ionospheric research, the full implica-

tions of which have not yet been realized.
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FOREWORD

This report contains a summary of the technical rasults of the IVORY
CORAL program. The program was managed by A. Van Every for the Defense
Advanced Research Projects Agency in cooperation with W. F. Utlaut and

the Department of Commerce/Institute for Telecommunication Sciences.

M. R. VanderLind (Battelle--Columbus Laboratories) compiled and
integrated this summary report from the contributions of a number of
the researchers who were associated with the program. The major authors

and their contributions to the report are as follows:

e E. M, Allen and G. D. Thome (Raytheon Company) provided
the description of the results of the HF phased-array
experiments.

e D. Arnush (TRW Systems) provided the descriptions of the
theoretical and experimental works associated with the
Quiescent Ionospheric Plasma Simulator (QUIPS).

e S.-A. Bowhill (deronomy Corporation) provided the descrip-
tions of the experimental and analytical results of the
satellite transmission experiments as well as some of the
modeling analysis.

e P. A, Fialer (Stanford Research Institute) provided
descriptions of experimental data on field-aligned
scattering and ion-acoustic wave scattering as well
as the general classification of experimental results.

« VW. E. Gordon (Rice University) provided the descriptions
of the work done in support of the IVORY CORAL program
at the Arecibo Observatory.

e J. C. Haslett (National Oceanic and Atmospheric Adminis-
tration) provided the descriptions of the theoretical and
experimental work on the airglow changes produced by RF
ionospheric modifications.

xiii




this

e G. Meltz (Raytheon Companyj, and F. W. Perkins (Princeton
University) provided most of the descriptions of the
theoretical work that was undertaken in support of the
IVCRY CORAL progrum.

e J. Minkoff (Riverside Research Institute) provided des-
criptions of the experimental data obtained with the VHF
and UHF radars at the White Sands Missile Range as well
as some oi the field-aligned scattering analysis.

e« P. B. Rao and G. D. Thome (Raytheon Company) provided
the description of the modeling work performed in support
of the IVORY CORAL program.

« L. E. Sweeney, Jr. (Stanford Research Institute) provided
the cdonsolidated description of the results of the experi-
mental program and, in addition, the description of the
ccattering-model verification experiments.

e W. F. Utlaut (Institute for Telecommunication Sciences)
provided descriptions of ionosonde and other measurements
performed in the vicinity of the boulder, Colorado facility.

Others too numerous to mention here have provided material used in

report. Their names will be found in the text and references.

xiv
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i INTRODUCTION

The ionosphere has been investigated by scientists for many years.

The early investigations were periormed to promote understanding of the
physics of the ionosphere. As this understanding progressed to the point
where modes of the gross characteristics of the ambient ionosphere were
proposed and eventually verilied, certain potential uses began to emerge.
Early work sponsored by ARPA in this area advanced the state of the art
to the point where practical uses of the ionosphere could be enhanced or
degraded. One of these applications is over-the-horiron (OTH) radar.

The IVORY CORAL program was an outgrowth of the carly ARPA OTH research.

The IVORY CORAL effort involved RF modification of the ionosphere and

characterizat.on of the modifications produced.

RF ionospheric modification was first theorized by Gurevich and Farley
in 1967. Early in 1970 Meltz and LeLevier calculated electron density =nd
temperature changes as a result of RF heating of the F2 layer of the
ionosphere. This modification was verified in April 1970 by Utlaut at
Platteville, and in October 1970 by Gordon at Arecibo. As a result of
these successes, the IVORY CORAL program was expanded to develop an un-
derstanding of the generation and characterization of this modified
velume. As the understanding and characterization of the modified volume

developed, the technology was transferred to more user-oriented groups.

A, Program Objectives

The primary objectives of the IVORY CORAL program were as follows:

¢ Modify the ionosphere in a controllable manner. The
controlled and reproducible generation of an RF modified
volume in the ionosphere is required to perform systematic

1




experiments to determine its characteristics. In additionm,
eventual usefulness of the concept depends, in part, on its
reproducibility.

o Determine the characteristics of the modified volume. The
major physical characteristics cf the modified volume were
determined. Many of these characteristics are predicrced
by theory and verified by ficlu experiment. However, many
experimental results are not fully understood.

» Develop and verify models of the modified volume. The
characteristics of the modified volume were used to
generate practical models. These models are intended
to facilitate the usefulness of the IVORY CORAL concepts.

8. Irogram Organization

The IVORY CORAL program is a technically broad-based program.
Several different government agencies and contractors have been involved
during the course of the prozram. In order to meet the above objectives
in an efficient manner, theoretical, iaboratory, and field experimentation
groups were organized. The funciional relationships among these groups
are shown in Figure 1. As shown, one of the primary outputs of the
program was the model of the wmodified ionosphere. An efficient exchange
of technic?I information was achieved through frequent workshkops and
technical review meetings. A task force was formed from the three groups

to generate the model.
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II SUMMARY

This report summarizes the technical results of the ARPA IVORY COPAL
Program. The IVORY CORAL Program consists of the RF modjfication of the
ionesphere and characterization of the modifications produced. The re-
sults of this progran clearly demonstrate <hat the ionosphere can be
modified when illuminated with reasonable RF power densities. Prior to
the initiation ~{ the IVORY CORAL Program, scientists and engineers pri-
marily observed the ionosphere in its ambient condition. The perturbations
that did occur were uncontrollable in time, magnitude, and resuiting
effect, The results of the IVORY CORAL Program clearly change that
situation. The ionosphere can be modified wit: RF energy over a range
of frequencies and power levels in a controllable ranner. The implica-
tions of these positive results are that investigators can now treat the
ionosphere as a "laboratory” in which reproducible scientific experiments

can be conducted.

One of the desired outputs of any research program is the ability
to predict experimental results from first principles ana subsequently
sec this verified experimentally. In this regard, the IVORY CORAL
Program was only partially successful. Many experimental results were
predicted from theory; however, some were predicted and not observed.
The reasons for these discrepancies are not known Several key experi-
ments are recommended in Section VII of this report that may lead toward

some resolution.

The richness of our sciercific results will become evident as one
reads this report. The results of major importance are very briefly

summarized in the following:
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Field-normal scattering and refraction for wavenumbers (k)
from 6.01 to 10 m~! are well understood. Scactering during
both day and night are observed, with strongest scattering
occurring at night and weakest at 1400 = 2 hours iocal time.

In the E region, scattering drops off less rapidly for
k> 10 m L,

Gross changes in electron density (Ne), electron temperature
iTo), arnd collision frequency (v) have been produced and

arce understood in the F region. Generation and understanding
of the corresponding quantities for D and E regions are
heginning to cmerge.

Electron~density dependency on heatexr power has been
determined to be

—2

N
Ae n
-} «P
N H
e

where 0.5 £ n £ 1.0 for most cases.

Characteristics of superthermal plasma waves (except
parallel to the geomagnetic field) and electrons that

are responsible for the generation of plasma lines, airglow,
and parasitic plasma waves are understood. No inconsis-~
tencies exist between expesrimental observation of these
quantities at Platteviile and at Arecibo,.

The theory of plasma lines is partially understood;
however, inconsistencies remain.

Theory of low-wavenumber (0.01 to 1 m~1) generation and
characteristics is not understood. At present only suggested
approaches exist.

Theory of high-wavenumber (> 1 m~1) generation is only
partiaZly understood; the excitation is not clear.

Radio-wave scattering and refraction aspects for center-
line scattering are fully understood (limited only by our
understanding of the scattering irregularities!.

Low wavenumbers (artificial spread F), which produce scin-
tillation, appear tiarough the topside of the F layer, and
preliminary data suggest they may extend to the geomagnetic
conjugate regicn,
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+ Finally, it has been concluded that most of the effects
that are presently understood may be valid only at mid-
geomagnetic latitudes under quiet and/or moderately
disturbed ionospheric conditions. Extrapolations to
other latitudes may be subject to question.
The IVORY CORAL concept--i.e., the RF modification and characteri-
zation of the ionosphere-~has been clearly demonstrated in a technical
sense. In terms of technical accomplishment, the IVORY CORAL Program

stands as a milestone in ionospheric research, the full implications of

waich have not yet been realized.




III EXPERIMENTAL RESULTS

The field-ecxperiment portion of the IVORY CORAL program has produced
surprising results: the avpearance of totally unanticipated elfects,
negative results in experiments that “should have seen something,” and
initial explanations that subsequently required complete revision. The
basis for these surprises lies primarily in the richness and complexity
of the processes of interaction between intense radio waves and the
ionospheric plasma, and not in naiveté on the part of the experimenters

involved.

The idea that provided the impetus for the construction of the
Platteville, Colorado heating facility [ and later for the heating capa-
bility at the Arecibo Observatory (AO)] was that deviative absorption of
HF energy in the F-region could substantially alter the local electron
temperature and density. It was anticipated that the electron-density
changes might produce significant effects on radio waves propagating
through thé region., Systems that it was thought might be affected by
ionospheric heating include: HF communication and radar systems that
depend on the unique propagation propertics of the ionosphere, satellite-
ground radio links that must pass through the ionosphere, and infrared
sensing systems that could be disturbed by substantial changes in the

intensity of ionospheric infrared emissions.

*
The Platteville facility1 was constructed and operated by the
Department of Commerce, Institute for Telecommunication Sciences (ITS).

It makes use of a circular array of ten crossed dipoles approximately

600 m in diameter for operation in the frequency range of 5 to 10 MHz.

*
References are listed at the end of the report.
9

Preceding page blank




DA i, e et A e

At a lower frequency range, 2.7 to 3.3 MHz, five crossed dipoles are
used, placed at the corners of a square with one located in the center.
The nominal RF power output is 1.5 MW. Both O- and X-mode polarization
are available, The antennas are stecrable from 0° to 30° from zenith.
The heating capability at AQ® is provided by a single 150-kW transmitter
driving a log-period feed that illuminates the 1000-ft reflector. The
maximum effective radiated power (ERP) at AQ is 4 to 6 dB less than the
Platteville ERP. The size of the illuminated region is considerably

smaller.

The Platteville facility was originally instrumented with several
radio and optical diagnostics intended to detect the expected clectron
temperature and density change.. The incoherent-scatter radar at AO
was capable of 'mapping” the electron-temperature changes and of giving
additional information on eclectron-density and ncutral-temperature changes.
As the heating experiments continued, additional diagnostics were fre-
quently employed to clarify earlier results, and to investigate new
ef{fects observed or hinted at by existing diagnostics. Also, additional
experiments were performed to explore newly conceived ideas about the
processes involved in ionospheric heating that arose from the concurrent

theoretical and laboratory components of the IVORY CORAL program.

Two examples of important and uncxpected experimental observations
are worth mentioning here. The first occurred during the initial opera-
tions of the Platteville facility (April 1970). A sensitive vertical-
incidence ionospheric sounder was being operated near Platteville for
the purposes of determining the parameters of the ambient ionosphere
and of observing distortions in the F-region electron-density contours
produced by heating. This diagnostic was plagued by "bad luck” in the
form of spread-F echoes which made accurate measurements of the ionosonde
data quite difficult. Fortunately, naturally occurring spread-F was

relatively uncommon for the Platteville situation and it soon became

10
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apparent that the heater was producing artificial spread-F (ASF). The
appearance of this ASF led to the suggestion that field-aligned scattering
(FAS), which is frequently observed in connection with natural spread-F,
might also be produced by heating. In fact, FAS was observed and has
proven to be one of the most interesting phenomena produced by ionospheric

heating.

The second example occurred during the first heating tests at AO
(October 1970). The incoherent-scatter radar, which was being used
primarily to measure changes in the ionospheric electron temperature,
can also detect the plasma line* when the line intensity is enhanced by
solar photoelectrons. Typically, solar photoelectrons enhance ‘the plasma
line by about a factor of 10. During heating, the plasma line was observed
to be enhanced by 4 or 5 orders of magnitude. This observation has
markedly influenced our understanding of the role of plasma instabilities

in ionospheric heating.
In the remainder of this section we will present:

e A classification of the types of effects that have been
examined experimentally (including those with negative
results).

e A brief listing of the objectives and methods of the
major experimental efforts.

s The significant experimental results produced by the
program,

o The current empirical? explanations of the results,

¢ References to sources of more detailed information.

%
The plasma line is a spectrally narrow return, shifted in frequency
above and below the radar frequency by an amount equal to the local
ionospheric plasma frequency.

11




A. Classification of Effects

The observable characteristics of the modified ionospheie may be
described in terms of changes in the energy {temperature) and spatial
distribution of ionospheric constitutents. A major distinction applicable
to the observable effects is whether the spatial characteristics of the
effect are "global" or highly structured--i.e., whether spatial variations
occur on a scale comparable to the size of the hecated region or on a
scale much .smaller than the size of the region. For highly structured
effects, further distinctions are made based on the predominant sizes and
orientation of ke structures. In Table 1, the major observable effects
of ionosmheric heating are summarized along with the main diagnostics

used in studying each effect.

The classifications used in Table 1 will be used in describing the

experimental results in the following sections, although in some cases
a single experiment yields information relevant to more than one effect.
An artificial distinction between D-region effects and E~ and F-region
effects has been made due to the dissimilarity of the applicable diag-

nostics.

B. Large-Scale Electron-Density Changes

Early theoretical work on heating indicated that substantial changes
in the ambient F-region electron density would be produced near the
height of reflection of the incident heating waves--i.e., where the re-
fractive index for the heater-wave polarization equals zero. While such
changes were of great interest early in the program, studies of this
phenomenon are of limited scope due to changing emphasis of program
objectives. Enough results are cvailable, however, to conclude that
the observed changes are in reasonable agreement with currently accepted

theoretical explanations.
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Table 1

SUMMARY OF POTENTIALLY OBSERVABLE PHENOMENA PRODUCED

BV IONOSPHERIC HETING

Phenoncenon

Main Diagnostics and Characteristics

Global Effccts

Electron-density changes

Radio-wave refraction--focusing, defocusing, and

angular deviation on HF paths propagating through the
region

Vertical-incidence reflection--changes in ionosonde
records

Incoherent-scatter radar--fine-scale mapping of electrop-
density changes

VWhistler receivers--modification of whistler ducts

Magnetometers-~changes in the geomagnetic ficld measured
on the ground

Electron-energy changes

Incoherent-scatter radar-£in -scalce mapping of clectyron-
temperature changes ( 100 Miz)

Optical cmissions-~measurements of temperature and’or
cnergy distribution from obscrvations of excited
transitions

Neutral temperature and
density changces

Radio~wave refraction--oblique HF paths not passing

through the heated region affected by neutral disturbances

traveling out of the region
Infrasonic detection--acoustic detectors on the ground

D-region changes

Vertical—~incidence-radar absorption--changes in strength
of signals reflected above the b-region

Partial~reflection radar--changes in turbulence structure
in lower D region

Riometes ~~D-region attenuation changes measured at 30 MHz
Intermodulation--attenuation and phase changes of low-
frequency signals propagating in the D region

Highly Structured Effects

/ Finald-aligned clectron-
density fluctuations-~-small
scale sizes

Radio scattering--backscatter and oblique side-scatter at
frequencies from 10 to 2000 Mz

Field algined elcctron-
density filuctuations==
large scale sizes

Radio scattering--vertical~incidence backscatter ~t fre-

quencies from ~5 to 10 Milz

Radio=wave refraction-~scintillations of satellite trans-
missions obsecrved on the ground at frequencies of 100 to
400 MHz and scintillations of radar cchoes of satellites
viewed through the heated region at ~1000 Miz

Field-parallel electron-
density fluctuations

Radio scattering--backscatter at .4100 MHz and sidescatter
at ~60 MHz

Horizontal electron-
density fluctuations

Radio scattering--backscatter at 350 Miz

13
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1, Vertical-Incidence Ionosondes

Vertical-incidence (VI) ioncsondes are located near both the
Platteville and the AO heaters. These provide data on changes in the
overhead electron-density profile, and, under conditions when multiple
traces appear, can give some information on the horizontal spatial

properties (tilts) of the heated region.

Ectimates of the electron-density changes produced by O-mode
heatings:4 indicate that the electron-density is decreased on the order
of 10% at the center of the affected region. The region extends hori-~
zontally over an area comparable to the beamwidth of the heating trans-
mitter antenna, and vertically over a range of tens of kilometers,
centered near the height where the local plasma frequency is equal to the

heating frequency,

2. Sporadic~E Layers

In 1972 Utlaut and Violette® reported short-lived E-region
echoes on ionograms from frequencies above ron in connection with RF
ionosphere modification experiments at Boulder. The rcturns appeared to
be from sporadic~E layers that blanket (obscure) the F region only below
the E-region critical frequency (2 to 4 MHz). It was stated that due to
the normal variability of the E region, and particularly of sporadic-E
occurrence, tne high-frequency returns could not definitely be associated

with the ionosphere modification experiment.

Similar sporadic-E echoes have been observed at Arecibo% in
association with the ionosphere modification program there, but the
effects, as at Boulder, are not reproducible to the extent that they can
definitely be related to the heating experiment. On two occasions during
ionosphere modification experiments an intense, blanketing, natural

sporadic-E layer developed. On one of these occasions, HF-enchanced

14
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plasma~line echoes at 5 MHz were observed in one patch (but not in other
patches) of a sporadic-E layer, requiring the plasma to have an electron
density corresponding to 5 Miz. The blanketing frequency at the time
was nearly 10 MHz. Failure to observe the plasma line continuously
suggests that the blanketing may be associated with causes other than

reflection of the HF waves.

A brief survey of all data within the time period covered by
four series of heating experiments suggests that at Arecibd natural
range-type spread frequency in a sporadic-E layer is fairly common (for
this sample) and is generally observed when the blanketing frequency is
less than about ecight-tenths of the maximum frequency in the sporadic-E

layers.

3. HF Oblique Soundings

The electron-density gradients produced by (F-region) heating
can cause deviations in the normal raypaths for HF waves propagating
through the heated region. These raypath deviations are observed as
changes in received signal intensity (due to focusing or defocusing) and
as changes- in the observed angle of arrival. Several experiments have

been performed with the Platteville heated region using this technique,

Oblique HF ionograms, transmitted over a 2600-km east-west
path centered over Platteville, were examined for evidence of focusing
and defocusing effects that werc produced by heating.® A limited amount
of data was available that suggested that this effect was observed. It
was not possible to rule out the possibility that the effects were
duc to natural causes. Also, no quantitative analysis was performed to
determine the magnitude of the electron-density change. It appears that
this technique can relatively easily provide considerable information on

electron-density changes.

15
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q, Incohrrent-Scatter Radar

The 430-MHz incoherent-scatter® radar at AO has also been used
to observe the electron-density changes within the heated region above
Arecibo. Density decreases of up to 14% were measured. More detail on
the AO measurements, which are primarily cdirected toward electron-
temperature measurements will be found in Section III-B-8,

d. Whistler Receivers

A direction~finding whistler receiver was operated near Platte-
ville in a joint experiment of Stanford University and NOAA. The moti-~
vation was to detect new whistler ducts that might be created by the
localized electron~density changes produced by the heater. Data were
collected during two periods, but as yet no results are available from

this experiment.

6. Magnetometers

During early IVORY CORAL experiments, heater-induced perturba-
tions of the geomagnetic field were looked for, using a wide-baseline
gradiometer and 3-axis magnetometers,6 with negative results., During
these experiments, the low-frequency limit of the Platteville facility

was 5 MHz, and all heating was done at F-region altitudes.

For the October 1973 tests the low-frequency limit of the
Platteville facility had been lowered to 2.7 MHz. This permitted he.ting
the E~-region during the day, and would be expected to produce greater

geomagnetic~field effects.

7. Electron~Energy Changes

The changes in ionospheric electron density described in the

preceding section are thought to be a secondary effect, produced by a

16




localized change in the ionocspneric electron-cnergy balance. Changes
in the election thermal energy of the heated region can be measured in
a very satisfying manner with the AO incoherent-scatter radar. The

results of these measnrements are generally in good agreement with theorr.

In addition to measuring the electron thermal energy, optical
measurements, both at Platteville and AO, have produced some information

on the excitation of superthermal electrons.

8. Arecibo Incoherent-Scatter Radar

The heating cxperiments at Arecibo have yielded a number of
interesting results derived from the normal absorption of radio waves in
the ionosphere®,7;% and from the anomalous absorption of the high-~frequency

(5~ to 10-MHz) waves and the excitation of plasma instabilities.

O-mode heating of the ambient electrons has been detected.
Deviative absorption, raytracing, and heat-balance calculations are con-
sistent with the magnitude of the increase, typically peaking at 150° to
400°K, with the higher values at night; the location, typically 4° to 9°
north of t@e Observatory; the volume, matched to the beam when mapped in
two or three dimensions; and thernal relaxation times of a few tens of
seconds. The ion temperature is unchanged within error bars of tens of

degrees kelvin.

The effects of the deposition of radio-wave energy on electron
temperature, ion temperature, and electron number density, are discussed
here. Parameters important in determining heating effects are the
transmitted power, polarization, HF frequency, ionospheric critical
frequency, temperature, altitude, and time of day (HF absorption in D
and E region), The multiparameter dependencies are illustrated in the
form of "Tc cubes" (Figure 2). The cubes show several items simultaneously.

The front face graphs heater power for each time block, as well as the
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heater frequency and IOFZ versus time. The top face giwves the electron
temperature for cach time block integrated in altitude over the entire
F layer. ‘“he right face of each cube shows two plots: the lowest-
temperature plot is the time average of all the unheated data blocks,

and the other plot is the average of the heated blocks.

An example of the difference in heating effect between pene-
trating and reflecting cases is given in Figure 2. For the penetrating
case [Figure 2(a)], the F layer is heated near the peak, while in the
reflecting case {Figure 2(b)], only electrors at and below the reflection
altitude of 294 km arc significantly heated. The most striking result
here is the abrupt cutoff of the heating above the reflection altitude,

and also the fact that the heating is greater for the reflecting case.

An experiment was made with the heater power changed from zero
to half to full power. The results are given in Figure 3, which shows
electron temperature versus altitude for the three power le-~ls. The
effect of 100 kW on the electrons is not quite double the effect of 50

kW. The ions do appear to be heated, but xno firm conclusions can be

g 30— | fp = 8195 MHz
* T 1,F2 = 80 > 7.3 MHz
e
| 312~ — START: 2128
o TIME  grop; 2234
2 298 |~ —
= AVERAGE h = 344 km
S max
o
< 276 | HE = 100 kW —1 AZIMUTH: 353
ANTENNA ZENITH ANGLE: 4°
258 |— —| RADAR PULSE LENGTH: 45 km
| | | |
800 850 900 950 1000

o
ELECTRON TEMPERATURE — K 8727-65-394

FIGURE 3 ELECTRON TEMPERATURE vs ALTITUDE FUR ZERO-, HALF-,
AND FULL-POWER HEATER OPERATION
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measurement errors.

4 the north.

1 heater antenna).

35 km to the north of the observatory at an altitude of 320 km.

west was made, and little heating is indicated there.

drawn since the apparent magnitude of heating is less than the expected

The extent of the O-mode heating has been determined by making
maps in the magnetic meridian where the O-mode radio wave deviates toward
The ambient temperature is first measured, and then the
heater is turned on while the interrogating beam is swung from about
4° north to 10° north (angles directly overhead are blocked out by the

Figure 4 shows such a map, with a heated region centered

To de~-

termine possible heating out of the meridian plane, a measurement to the

The run illustrated

13 MARCH 72 450
" Pyp = 75 kW 20
} Fur = 5.94 \/
1,F2=6.2
20 22.20-23.45 420+
Ah
0 3904 20
hmax"
- 40 3801 20
7/
/ 20
)
20 40
WL | | _InN
60 20 0 30 60
8727-65-395

FIGURE 4

-

CONTOUR MAP OF CHANGE IN ELECTRON TEMPERATURE

20




here is for the reflected case, but peretrating cases show similar results
if the heater frequercy is well matched to fon. The line labeled "B"
is the magnetic field line that passes througi the center of the heated

volume.

The inherent variability of the ionosphere has precluded
measuring induced changes in election number density during most of the
experiments. During one run the heater was cycled on and off at 10-
minute intervals: the electron temperature increased by 23%, and at the

same time, the electron density decreased by 14%.

During the day the HF heating observations to date have not

exceeded a 50°K change.

9. Alrglow Observations

The measurements presented here were based primarily on the
- ra 14
early observations of 6300-% enhancement.? These enchancements were

presumed to be caused by collisions bhetween oxygen atoms and energetic

electrons generated when the heatexr was operated in the O-mode of polari-
zation. The general techniques used were photometric, with several types

being employed.

a. Location, Structure, and Dynamics of the Airglow Region

This portion of the airglow observations was very success-
ful. Two supplementary photometric techniques werc used. In one case
triangulation measurements were made using NOAA photometers quite some
distance apart. This technique was quite useful in determining the
altitudes of the enhanced region and in following movement of the region
on the order of some tens of kilometers. The photometers of the University
of Pittsburgh were rapid-scanning and were used to measure changes in the

structure occurring on the order of 10 to 15 s, Figure 5 shows the

21

v a




P

N
North .
Magnetic
14 North
105° . \\

-~ /7 0.1
craic 2904 /7 8s )
Photometer ~~a_ !/, 091 |

\\ )
erig —|-Ii~ !

.
Photometers \ ‘Ryl//”‘/\/
and \:1_/ ~ ~—Transmitter

-

Ionosonde D

/
[DENVER

/

1,240 km

Ny

!
16°/
/
/
/

! wesrcLiFFe

Photometer
8727-65-396
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ENHANCEMENT

location of several of the sites used for observations together with an

idealized representation of the airglow region.

b, Electron Tnergy Distribution

Since the electron energy distribution was non-maxwellian and
calculations showed that only electrons in the tail were probably affected,
attempts were made to determine the distribution. This was carried out
by identifying spectral lines excited in auroras possibly by relatively

low-energy electrons.

Attempts were made tc observe lines requiring the following
approximate energies for excitation: 1, 2, 4, 9, 12, 18, and 22 eV.
Only two of these were observed: the first was the O('D) state of atomic

oxygen at 1.96 eV, which emits the red 6300 A-line; the second was the
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0{'%) state, which requires 4.17 eV to excite. The emission from that
state is the oxygen green line (5577-@). This emission was observed to
be affected by the transmitter only infrequently, with the reason not
understood. It should also be mentioned that on occasion when conditions
seemed favorable, not even the red line was excited. This objective can
therefore be partially successful although the observation did give suf-

Ticient data to place restrictions on assumed distribution.

c. Electron Encrgy dechanism

Calculations at Utal University indicate that considerable
energy is going into other species besides atomic oxygen, probably
molecular nitrogen. These caiculations are still being carried out with
the view of estimating how efficiently the RF power can be coupled into
the F-region. These calculations are being continued on the basis of
observations made in October 1973, in which an extremely large red-line
enhancément was observed at Platteville. Crude estimates based on those
observations suggest that possibly as much as 30% of the transmitter
power can be coupled into the iomnosphere. This should be considered an

upper limit at present.

The observational portion of this objective was carried
out by the Air Force using a radiometer-equipped U-2, The goal was to
detect changes in the infrared emission in the 10—~ to 12-micron region.

No success was achieved with these attempts,

d. Power Dependence

Only limited data were obtained concerning the dependence
of the airglow enhancement on the transmitter power. The best results
were obtained on October 25, 1970, by the University of Pittsburgh and

suggest the red line intensity varies on the third or fourth power of the
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transmitter power. Most attempts since then have been hampered by ex-
perimental priorities or a rapidly changing background. This portion

of the program still remains to be carried out.

e. Dependence on Ionospheric Conditions

Sufficient data have been acquired, both airglew and
ionospheric, that now a statistical study of the effect of the ionosphere
on the enhancement is being carried out. Such items as magnetic dis-
turbances, the gradient of the electron density profiles, the electron
content, base electron temperatures Te etc., are veing considered. This
is an analysis program and is not complete. The data obtained in the
fall, 1973, are proving to be especially useful since they were obtained

under relatively stable nighttime conditions.

f. Seasonal Dependence

No seasonal dependence of the enhancement has hbeen identi-

fied.

. Experimentzl Results

While the data for the figures presented here were obtained
with NOAA photometers, they are considered representative and are used
for convenience. In the interest of brevity only those results are given

that presumably bear most directly on the modification process.

Initially consider Figure 5. The contours shown were
cbtained with the high~frequency antenna. Later data obtained with the
lower~-frequency antemna indicate that the contours in general have noct
changed. However, the size of the region is often twice as large.
Observations also show that the intensity contours are gensrally not

smooth and can change fairly rapidly.
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Both triangulation data and time-constant measurements
from the decay of the red-line enhancement can be used to infer that the
airglow region is relatively thin, probably less than 1/3 of the N,

scale height, or about 10 um.

In Figures 6, 7, and 8 the motion and behavior of the air-

glow region are shown. It should be mentioned that this behavior is
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FiGURE 6 TYPICAL AIRGLOW REGION AT ABOUT 2115 MST ON
18 SEPTEMBER 1972

tsually seen only when IOF2 n'ft (transmitter frequency). It is also
important to note chat this behavior presently is unpredictable, Many

various forms of decuy and motion have been observed.

Both red-line enhancements and red-line suppressions have
been observed. X-mode suppressions of roughly 1% (out of 120 rayleighs)
have been obtained, consistent with the temperature dependence of the
recombination rate. O-mode enhancements have been observed of ahout 1
to 10 rayleighs offering both HF-power and enhancement=-altitude-dependence
information.
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6300-~4 airglow enhancements were observed at Arecibo in

October, coincident with the HF excitation of the ionospheric plasma

waves. These manifestations of the plasma waves produced by the anomalous
HF heating help to better confirm and define the damping mechanisms,
particularly with coincident plasma-line-decay-rate data. The airglow
enhancement is also another indication that the Arecibo facility can
deliver above-threshold power demnsities (airglow enhancements were seen

at a factor of 4 below available Arecibo transmitted power levels),

given that the stronger airglow enhancements were comparable with those

seen at Platteville.

C. Neutral-Density Changes

No direct measurements of changes in the neutral density of the
heated region have been made. Attempts have been made to detect the
effects of neutral changes by observing heater-gencrated acoustic waves
propagating out of the heated region.® An array of infrasonic detectors
located around Boulder, Colorado was used in an attempt to detect an
infrasonic wave, generated in the upper E region, which would propagate
to the ground. Approximately 10 one-hour tests were performed during
October 1973. No infrasonic waves correlated with the heater operation

were observed, although additional data analysis is planned.

Additionally, HF oblique soundings have been made over a 2600~km
path centered about 200 km south of Platteville.® The objective was to
examine the sweep-frequency ionograms for evidence . traveling ionospheric
disturbances (TIDs) that could be related to heater operations. Natural
TIDs produce a characteristic moving "kink" on such ionograms, even when
the TIDs are relatively weak. Data from early tests indicated that TIDs
may have been produced by heater operation. The quantity of data
available from the early experiments was insufficient to eliminate the

possibility that the observed TIDc were natural. A more systematic

27

— K

pren




experiment was carried out during October 1973. The results of this ex-

periment are not yet available.

D. Field-Aligned Small Electron-Density Fluctuations

The distinction between small and large field-aligned electron-density
fluctuations is made primarily on the kasis of the types of diagnostics
applied in their observation. '"Small"” implies that the fluctuations have
scale sizes, at least in one dimension, of about 30 m or less, and that

they are primarily observed using Bragg scattering of radio waves.

Since natural spread-F is known to exhibit geomagnetic-field-aligned
structure, the discovery of heater-produced spread-F led experimenters to
search for field-aligned structure within the heated F rcgion. Radar
diagnostics oriented wita geometries suitable for scattering from field-
aligned st.ucture in the F region over Platteville revealed very strong
heater-related scattering effects. It has subsequently been demonstrated
that when the F-region reflection height of the heating signal is matched
to the radar's field-aligned specular height (height for which the angles
of incilent and reflected radar energy are equal with respect to the
geomagnetic field line over Flatteville), then the heated region's scatter-
ing cross section is nominally 75 dBsm below 80 MHz, falling to 45 dBsm
at 157 MHz and to 35 dBsm at 435 MHz. The magnitude of scattering decreases
as a conscecquence of mismatch between the heater height and specular height

at a rate of about 0.5 dB per km of mismatch.

Because of its high scattering cross sections and consequent potential
utility, field-aligned scattering has received the most experimental
attention and is empirically the best understood of all the heater-induced
effects. A morphological model of the disturbed region has been developed
that satisfactorily accounts for the observed scattering characteristics,

This scattering model is described in Section IV of this report.
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Other bistatic experiments have demonstrated the utility of heater-
induced field-aligned scatter for comminicating over long transmission

paths at frequencies not normally usable.

In addition to scattering by zero-frequency fluctuations, which
produces scattered signals of approximately the same frequency as the
incident signals, fluctuations are observed whose frequency is equal to
the heater frequency and whose scatter signals are offset in frequency

above and below the incident frequency by exactly the heater frequency.

For center-line observations the presence of field-aligned structures
within the heated volume was first established in a bistatic experiment
that employed a mobile aircraft-based receiver to trace out the scattering
zones over the grouncd. For radar illumination from White Sands Missile
Range scattered from the heated volume over Platteville, it was found that
these zones consisted of wide east-west bands narrowly confined in the
north-south direction, indicative of scatterers aligned with the geomag-

netic field.

Principal experiments and experimenters involved in measuring the

parameters -of field-aligned scatter are:

« HF backscatter from WSMR (Raytheon).

o HF backscatter and sidescatter, Stanford Research Institute
(SRI).

e VHF TV intercept (SRI).

e« VHF, UHF backscatter from WSMR with RAM, Riverside
Research Institute (RRI).

¢ Airborne HF and VHF receivers (RRI, Raytheon).

« HF-VHF sweep-irequency sounding, numerous paths,
multiple receivers (SRI).

« VHF and UHF bistatic, WSMR to Palo Alto and El Centro,
California (RRI, SRI).
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¢ VHF-model-verification experiment (SRI).
e VHF bistatic-communications demonstration (Barry
Research Corporation).

HF heating of the E and F region of the ionosphere produces electron-
density irregularities elongated along the geomagnetic field both above
and below the heater reflection height (the altitude at which the verti-
cally incident HF heater signai is reflected by the ionosphere). This
height can be adjusted by varying the firequency of the heater transmissions.
The individual irregularities within this region can be thought »f (for
the purpose of explanation) as long, thin cylinders aligned with tae
gecmagnetic field. If RF energy illuminates such a cylinder it will be
scattered much as a beam of light would be scattered by a long, thin
shiny metal rod. When the illumination is perpendicular to the axis of
the cylinder, the cylinder will scatter energy throughout the plane
normal to the cylinder and containing the illuminating ray. For this case,
some encrgy will be scattered hack in the direction of the illuminator
and can be received at the same location from which it was transmitted,
as in the case of monostatic radar. Obviously the cyliinder must be per-
pendicular ‘to the radar look direction in order to be visible to the radar,
and the locus of points providing field-normal geometry for u given radar
location is called the monostatic reflection surface. There is a different
suck surface (which can be determincd by geometry) for each different
radar location. One possible example is shown in Figure 9. Notice that
in this casc the monostatic specular surface is substantially above the

heater reflection height for the radar location shown,

For the case of illumination that is not normal to the cylinder axis
the energy will be scattered throughout a cone of angles where the angle
of the scattered energy equals the angle of illumination with respect to
the cylinder axis. In that case, the scattered energy can intersect the

earth at a location different than that of the transmitter, as is shown
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in the figure for energy scattering from a field-aligned irrejularity
centered in the heater beam at the heater reflection height. The scatter-
ing cone always contains the extension past the scatterer of the illumi-

nating ray, and the cone and cylinder have a common axis of symmetry.

When the locations of the separate transmitting and receiving sites are
held fixed, there is again a locus of points where the angle of incidence
from the transmitter and angle of scattering to the receiver are equal

' with respect to the geomugnetic field. In that case, the locus of points
is called the bistatic specular surface; in general there is a different
such surface for each possible pair of transmitter and receiver locations.
The bistatic example shown in the figure has the heater reflection height
well matched to the bistatic specular surface. Such matching has been
empirically shown to produce the maximum magnitude of RF scattering and
for this reason the heater operating frequency is generally adjusted to
provide the best possible match between the heater height and the specular
surface for the transmitter and receiver locations of interest., The
intersection of cones of scattered energy can be plotted on a map for a

fixed irregularity location and altitude but with a variety of scattering

angles, as illustrated by Figure 10.

The contours of Figure 10 would be different for different heater
reflection heights and for different heater locations. However, they
F , may be calculated in a straightforward manner for any location from
' geometry and a knowledge of the geomagnetic field. Such maps indicate
} that opiimum heater-supported communications would be possible for the
conditions shown from any place on the 90° contour to any place clse on
the 90° contour, or from any place on the 88° contour to any place on
the 92° contour, or (in general) from any place on one contour to any

place on its supplementary contour.

If a fixed transmitter location is assumed, a different set of

intersection contours can be constructed with heater reflection height
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as a parameter, as shown in Figure 11.

shown and a given reflection height,

For the transmitter location

the scattered energy will be rcceived
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! FIGURE 11
LOCATION AND VARIOUS SCATTERING ALTITUDES FOR A
GEOMAGNETIC-FIELD-ALIGNED IRREGULARITY CENTERED OVER
PLATTEVILLE

most strongly along the contour for that heater height. Notice that for

the receiving sites indicated in the figure the optimum heating height
for RI is a little above 260 km, for RII it is slightly below 240 km, and
for RIII, it is slightly below 220 km. As a consequence of the fact that

there are many scattering irregularities distributed throughout the heater
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beam (which is nominally 100 km in diameter at 250 km altitude) the
regions where scattered cnergy intersects the ground are actually bands
100 km to 300 km wide (at their half-power points) instead of lines as
shown in the figure. The contours sliown represent the locations of
maximum scattering, although cnergy can still be received some distance
from these lines. A typical example of the dependence of on-frequency
scattering cross section on heater refiection height for a given obser-~
vation geometry is shown in Figure 12, where a smooth curve is drawn
through the data points to represent the nominal height dependence. This
dependence seems to be roughly independent of the observation frequency.
Notice that matching the heater reflection height to the optimum specular
reflection height for the path of interest is not terribly critical--

matching to within :10 km is sufficient to achieve scattering magnitudes
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within 3 dB of maximum. However, mismatching by 30 km can reduce the
received signal strength by as much as 15 dB, so some care in selecting

the heater operating frequency is clearly necessary.

For plasma-line scattering at both VHF and UHF the aspect sensitivity,
if it exists, is much weaker. Contrary to center-line scattering, the
plasma-line scattering regions are, in fact, found to coincide quite
closely with the heater reflection heights. Plasma~line backscatter
has been observed for mismatched heights as great as 90 km--a condition
wvhere center-line scattering has never been observed. However, since
maximum plasma-line returns are observed with nearly matched heights,
it seems that the plasma-line scattering may be aspect-sensitive, at

least to some extent.

Many observations of the F region have been made at fregiiencies
between 10 and 435 MHz. The nominal cross-—secticnal frequency dependence
derived from many observations is shown in Figure 13. The band thickness
of this curve is intended to represent the range of observed maximum
cross sections for evening hours where the heater height was optimum
for the observation geometry. Obviously, mismatching the heater height
could cause the observed cross section to fall substantially below this
curve. The variation in observed cross sections under matched conditions
due to diurnal variability can reduce these values by about 10 dB. Ob-
servations have also been made at L and S band but no scattering was

observed.

Re<cent measurements of FAS from irregularities generated in the E
region during the day indicate that for frequencies below 80 MHz, observed
cross sections are comparable to daytime F-region values (~60 to 65 dBsm).
For E-region FAS however, tbe cross section does not begin the rapid

decrease with increasing frequency until at least 150 MH:z,
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FIGURE 13 MEASURED TOTAL RADAR CROSS SECTION

It is seen that, for center~line scattering, the VHF cross sections
exceed the UHF cross sections. For plasma-line scattering, however,
this is not the case. For the plasma line, peak UHF cross sections of ~7
dBsm, equal to the center-line cross sections, were observed, whereas at
VHF, peak plasma-line returns of ~1 dBsm were observed. This difference
in cross section between the VHF and UHF plasma-line echoes is further
accentuated by the fact that the VHF per-pulse scattering column is of
the order of ten times larger than the per-pulse UHF volume. Hence, as
discussed in somewhat more detail in Ref. 6, these results indicate a
significant reversal in frequency depciiicnce between the center-line and

plasma~line scattering properties of the heated volume,

As discussed later the observed characteristics of heater-produced
field-aligned scattering can be satisfactorily accounted for by a Booker

scattering model where the morphology of the heater-disturbed F region
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can be represented as shown in Figure 14. The heater-produced disturbance

in the ionosphere for F-region heating can be thought of as having a

GEOMAGNETIC
FIELD DIRECTION

—— — — — — e —

SEM!I THICKNESS OF HEATED REGION ~7.5 km
RADIUS OF HEATED REGION ~50 km

LONGITUDINAL (along field) IRREGULARITY SCALE SIZE >10 km
TRANSVERSE IRREGULARITY SCALE SIZE 05 m, 0.1 m

- -~ = >
u "

(ANE) = RMS ELECTRON DENSITY FLUCTUATION ~1%
RMS

h, = HEATER REFLECTION ALTITUDE
8727-65-405

FIGURE 14 MODEL PARAMETERS OF SCATTERING REGION FOR F-REGION HEATING

gaussian envelope with a locus of 1/¢ (-4 dB) points that forms a hori-
zontal disc having a radius of 50 km (the radius of the heater beamwidth
at the F region) and a thickness of 15 km centered at the heater reflec-
tion altitude. The 1/e locus of this disc as seen from the side is
represented by the dashed line in Figure 14 where the plane of the paper
represents a vertical plane parallel to the geomagnetic field. Throughout
this disturbed region are distributed long, thin field-aligned irregu-
larities that again may be thought of as having gaussian envelopes with
average 1l/e thickness of 0.1 m to 0.5 m and average 1l/e¢ lengths as large
as 10 km, Side views of the 1/e loci for typical field-aligned irregu-
larities are shown by solid lines in Figure 14. The rms electron-density-

fluctuation producing these irregularities is about 1%.
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The horizontal shape of the disturbed region was assumed gaussian
for convenience, although it has been found that the effect on the
scattering characteristics of assuming some othexr heater beam shape is
not very great. It should be emphasized that the only scattering that
a particular radar receives from the disturbed region comes from the
intersection with the disturbed region of the field-aligned speccular

surface for that radar's geometry,

For backscatter, the signal amplitude versus range and Doppler
frequency have been measured. Figure 15 shows a typical range Doppler
analysis of a swept-frequency CW signal scattered from field-aligned
irregularities within the F regi-u., The overall Doppler shift (in this
case about +7.5 Hz) varies diu’ aally over a range of positive and negative
values consistent with physical motion of irregularities drifting with
the ambient F-region ionosphere (i.e., the Doppler shift increases
linearly with radar frequency). The Doppler f{requency spread (in this
case about 2 or 3 Hz) is also consistent with physical motion of irregu-
larities. Similar Doppler characteristics are observed on the frequency-
shifted signals (plasma-line scatter). Practically, these effeccts are
quite small and do not seriously degrade the quality of signals transmitted
via the heated region. IHowever, the combination of the Doppler spread
and the rwnge depth of the heated region produces signal fading due to
fine-scale wultipath. For the case shown, an unmodulated CW signal at
this [requency would be expected to suffer an average fading rate of two
or three fades per second., The detrimental effects of such fading on
communications can be reduced by use of diversity reception. Furthermore,
the spread in time delay of 1/3 to 1/2 ms would be cxpected to limit the
coherent bandwidth to 2 to 3 kHz. These multipath effects could probably
be reduced by using a smaller heater beamwidth or smaller radar antenna

heamwidths, Tor E-region heating, the observed time-delay spreading is
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8727-65-406

FIGURE 15 BACKSCATTER SIGNAL AMPLITUDE vs RANGE AND DOPPLER SHIFT
FOR FIELD-ALIGNED SCATTER AT 44.3 MH:z

only about 100 pus (due primarily to geometry difference) and coherent

bandwidths of about 10 kHz would be expected.

Measurements of decay and risec time of VHF center-line backscatter
in response to sudden heater turn-off and turn-on give some indication
that behavior in decay can be interpreted as an outward cross~field dif-
fusion of the field-aligned structures with a diffusion constant at VHF

2 2
equal to 3 cm /s. In this interpretation the decay time goes as M\ ,
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which is in qualitative agreement with other observations. The VHF rise
time is found to be extremely short, with a cross-section increase of 20

dB in a time period of less than 0.1 s being observed.

A systematic study of the variation in observed cross scction with
changes in heater power has only recently been undertaken., At the present
time, che processes involved in determining the scattering-cross-section
"yield" of heater power are not understood. The available data can be

modeled using a relation of the form

s ex P
where
¢ = Observed scattering cross sectiion
P = Heater power output
n = Parameter having values between about 0.5 and 1.0.

There are some indications that a better understanding of yield will come
from further examination of available data. There appear to be specific
times when n above is very nearly 1.0. Also, there is some evidence
that, under certain conditions, the cross section may saturate (i.e.,

increase less rapidly) as the Platteville heater nears full-power output.

E. Field-Aligned Large Electron-Density Fluctuations

The large-scale field-aligned irregularities in ionization produced
in the F layer by intense RF heating have been described as ortificial
spread~F (ASF). To clarify the reason for this description, the prouper-
ties of ASF and of naturally occurring spread-F (NSF) are briefly described.
The name spread-F derives from the appearance produced on a swecp-frequency

ionogram by irregularities in F-region ionization,
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The leading features of ASF may be compared with NSF as follows:

1.

this ionosonde is shown in Figure 16(a).

ASF occurs on every occasion when ordinarv-mode heating
is used at a frequency slightly less than I°F2. However,
it appears to be more severe at night for the same
heating power.

ASF occurs in an approximately circular region with radius
about 350 km centered slightly north of the heater trans-
mitter, with an onset and decay time of about a minute
relative to the time of heating. The intensity of the
irregularitics is somewhat nonunitform in the horizontal
direction, perhaps due to variaticns in the intensity of
heating produced by gross horizontal inhomogeneities in
the F layer.

As with NSF, the irregularities are ficld-aligned, with
maximum intensity in the F-region pzak. However, the
e~folding distance of the horizontal correlation function
of the structures is about one-tentt of the natural
scale--namely, about 100 m. The ASF irregularities move
horizontally at a speed of a few tems of m/s, apparently
corresponding to horizontal motions of the entire F layer.

For both NSF and ASF the irregularities continue all through
the F layer from 200 to about 450 km altitude, their in-
tensity being approximately proporticnal to the ambient
electron density.

ionosonde and HF Phased-Array Observations of ASF

The earliest observations of ASF were made using a vertical-

incidence ionosonde located at Erie, Colorado., A typical record from

During local nighttime hours,

the observed spreading can be even more severe, totally masking the

direct F-region traces at the high end of the frequency scale.

Fhe angular spectrum of spread-F returns from an artificially

modified ionosphere has been examined by the phased array as a functiom
of range delay (group path), Doppler shift, souncing frequency, and
polarization.l® Figure 16 illustrates the way in which the angle-of-

arrival of spread-F returns varies with range delay at a fixed sounding
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frequency. The arrows in Figure 16(a) indicate the range delays used
in producing the angular spectra of Figure 16(b). The phased array was
operating with X-mode polarization at a frequency of (fD), which was
between the O-mode and X-mode critical frequencies. The heater was
operating with O-mode polarization at a frequency (IH) below the O-mode
critical frequency. Many such observations have been made, from which

the following principal conclusions are listed:

e There is a well defined reluztionship between the
time of arrival of spread-F returns on a given
sounaing frequency and the angle of arrival of that
return: The angle of arrival changes systematically
from north to south as the range delay examined is
changed from the leading edge of the return to the
trailing edge. This behavior is observed for both
ordinary and extraordinary returns and over a wide
range of frequencies but is most pronounced for
extraordinary returns at or near fKFZ.

e The envelope of the volume cuntaining spread-F
irregularities extends in height at least over a
range from the layer maximum down to 150 km and has
lateral dimensions comparable to the heater beamwidth.
The volume is tilted so as to be aligned with the
earth's magnetic field.

+ A systematic Doppler dependence on the angle of
arrival of the returns is also observed. The re-
turns arriving at shorter delays that map to the
north are found to exhibit predominantly positive
Doppler shifts. In contrast, the longer delayed
returns arriving from south are Doppler-shifted
predominantly to negative.

¢ It was shown by means of raytracing simulation
that the phased-array observations are consistent
with the model of field-aligned ducts for the
heater~induced spread~F irregularities proposed
by Georges.t!?
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2. Scintillation Studies of ASF

The transmission experiment is designed to study ASF by examining

amplitude fluctuations from orbiting and gecostationary satellite signals
received at VHF and UHF by receivers spaced at fixed locations on the

ground.

In planning the implemenvation of the transmission experiment,
the following obiectives were considered as needing to be determined by

measurements of ASF irregularities:

Irregularity orientation.
o Irregularity size and shape.

e Altitude distribution--relative intensity of the
electron~density fluctuations as a function of
altitude in the disturbed region of the ionosphere.

e Horizontal extent--large-scale horizontal variation
of fluctuation intensity in the north-south and east-
west directions.

e Onset and decay times.
e Drift velocity.

o TFrequency variation (intensity and time scale of
amplitude fluctuations of signal fransmitted through
the heated region as a function of wave frequency).

e Multipath effects.

e Yield studies (cifects of transmitter parameters such
as heater reflection height, power, and modulation.

» Radar simulation (simuliation of scintillation effects
anticipated during radar track of objects located
behind the disturbed region).

Figure 17 shows the configuration available for =z geostationary
satellite. ASF irregularities form ''shadows’ on the ground plane that
can be studied by suitably placed receiving antennas A, B, and C. Since
all such satellites are located in the equatorial plane, their lines of

sight are all somewhat to the south, so the three-station network must be
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FIGURE 17 CONFIGURATION OF GEOSTATIONARY-SATELLITE EXPERIMENT

8727-65-408

offset from the center of the disturbed region in order to allow observa-
tion of scintillations. IHere, the line of sight is virtually stationary,
so the observations obtained are complementary to the orbiting-satellite

observations in that time variabilities in the medium are dominant.

The general character of the scintillation observations when
the heater transmitter is on is illustrated in Figure 18. The auto-
correlation function is nearly gaussian in shape, the fading having an
average period of about 10 to 15 s. The unheated quiet ionosphere has a
scintillation index (S) less than 0.01, while values of S up to 0.25
have been observed for the heated ionosphere, depending on the heater
pover and frequency. It is evident that the fading pattern is nearly
identical at the three receivers, but simply displaced in time by the
amount shown, From this it is concluded that internal velocities in the

ionospheric irregularities are negligible, and that the fading is due
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FIGURE 12 ILLUSTRATION OF TIME SHIFTS BETWEEN
ANTENNAS, 1323-1325 MDT, 2¢ N TOBER
1971

primarily to the drifting of elongated irregularities over the antenna
triangle. These data were analyzed by the method of similar fades to
give the size of the structure observed at the ground, and the direction

and magnitude of the velocity of the irregularities.

Velocities were found in the range from 25 to 125 m/s, from
west to east, in reasonable agreement with velocities found by MADRE

radar backscatter and the Raytheon vertical-incidence phased array.

The same data can be used to verify the field alignment of the
ionospheric irregularities; if this is the case, the direction of the
line of maxima should be 7.2° north of east. In fact, values were ob-

served ranging frum 4° south of east to 12° north of east. The closeness
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of these values to those predicted supports the concept that the irregu-

larities are approximately field-aligned.

Summarizing, the geostationary data show that the disturbed
region contains approximately field-aligned irregularities with a correla-~
tion distance of about 100 m transverse to the magnetic field, moving in
an cast-west direction with a velocity of a few tens of meters a second,

and with essentially no internal random motion.

The two~f{requency transmission experiment using orbiting
satellites has been carried out on a substantial number of satellite
passes during the past year. Most of these experiments have used ground
stations along an east-west line about 100 km north of the heating trans-
mitter at Platteville. Generally, ground observing points have been
selected so as to ensure that the LOS to the satellite traverses the
center of the disturbed region over the heater. If the satellite passes
directly over Plattevilie, it is possible to choose a site that looks
directly upfield through the disturbed region, when the scintillation
depth is greatest. However, in general, the angle between the LOS and
the magnetic field in the ionosphere goes through a minimum value greater
than zero, -and the depth of fading is shallower, the greater this minimum
value. It is clear that the closer the LOS passes to the magnetic field,

the greater the depth of scintillation,

The type of orbital satellite data obtained is well illustrated
by Figure 19, which refers to a pass of a U.S. Navy navigational satellite
on May 10, 1972, during the PRAIRIE SMOKE II exercise. It shows the
variation of the scintillation index at frequencies of 150 and 400 Miz,

In each case, the ratio between the indices at the two frequencies is

approximately inversely proportional to the wave frequency.

In making a close study of the cross-~correlation function of two

spaced antennas during an orbital pass, much finer structure was observed,
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FIGURE 19 RANGE OF HEIGHTS OBSERVED FOR AN ORBITAL PASS

as shown in Figure 20, Analysis of this structure and the larger struc-
ture in conjunction shows that their correlation distances appear to
fluctuate together but with a ratio of approximately 20 to 1. The con-
clusions are as follows:
¢ The field-aligned structure gives strong VHF and
UHF scintillations up to 400 MHz.

« The scintillation index maximizes when the direction
of propagation is close to the downfield direction.
For example, heating the ionosphere up{ield from a
150-MHz radar will produce a "blind spot" of about
10° radius centcred on the magnetic zenith,

e The fading depth of the scintillstion varies inversely
with frequency, as would be expected {rom the inte-
grated phase-path theory of satellite scintillations.,

» The transverse scale of the large-scale structure has
a half-correlation distance of about 100 m, and
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FIGURE 20 SMALLER-SCALE STRUCTURE

convects in an east-west direction with the velocity
of the ambient plasma (about 20 to 50 m/s).

» The large-scale structure extends from 200 to 450 km
altitude, and is usually confined within a cylinder
of aboui 50 km radius, with its axis the magnatic
field line passing through the reflection point
directly over the heater.

« Occasionally, unusual shapes for the irregular region
are seen, probably arising from a doughnut-shaped
disturbed region due to burnthrough of the central
core of the ionosphere above the heater.

e A finer-scale structure has been identified, with a
scale size of 5 to 10 m, apparently centered close
to the reflection height for the heater £freqguency.
This structure is present for extraordinary-mode
heating as well as for ordinary-mode, but apparently
with smaller intensity.
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F. Non-Field-Aligned Fluctuations

At least five scattering experiments have been conducted for two
non-field~aligned scattering geometries. The experiments performed were
sensitive only to scatterers of a single spatial Fourier ccmponent, so no
conclusions can be drawn 2t this time as to the favored orientation of
these types of scattering irregularities. Of these five experiments, one
(A0 incoherent scatter) has provided large amounts of high-~quality data
on plasma-wave and ion-wave scattering, one has provided a limited quan-
tity of data on ion-wave scattering, one may have very recently detected
plasma-wave scatter at Platteville, and two have failed to detect either
ion~ or plasma-wave scatter at either Platteville or AO. The failure of
these last two experiments is the major stumbling block to a general
reconcilation of the major experimental observations with presently de-

veloped theory.

1. Arecibo Radar Plasma-~Line Enhancements

When the ionospheric F region is illuminated with a strong
O-mode HF radio wave, excitations of longitudinal plasma and ion acoustic
waves are observed by radar scattering. HF-cnhanced plasma lines were
first observed at the Arecibo Observatory in 1971. A summary of the
observations is given by Kantor.!2 The decay line, the growing mode,
and image of the decay line are identified and associated with the com-
ponents of parametric instabilities. The borad 1line has been recently
interpreted by Perkins, Oberman, and Valeo,’® and Kuo and Fejer.'4 The
thickness of the layer producing the observed plasma line is less than

300 m.

Enhancement rise times after HF turn-on have been found to be
on the order of tens of milliseconds and show a ringing of the plasma.

The period of the ringing was about 8 ms on two measurements made under
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the same conditions. This ringing may be the same found by Perkins,

Oberman, and Valeo, and Kuo and Fejer.

Decay times of the plasma-line intensity after HF turnoff are
about 0.3 to 1 ms, consistent with the linear theory for the firequency
range studied. They are primarily due to wave damping by photoelectrons,
and are shortest for those waves going in the direction of the largest
flux. This has obvious application to photoelectron-flux studies. At
night the decay rates are slower by a factor of roughly 2 to 10, again
consistent with the linear theory, primarily duec to electron-ion collisions.

No significant nonlinear damping has been detected yet.

The HF-excited plasma line exhibits spectral features (decay-
mode line, growing-mode line, image of decay-mode line), most of which
can be explained by parametric instability theory. Some features are not
as yet explained. The decay times are consistent with the wave~damping
theory and offer a new tool for collision-frequency and photoelectron

studies.

2. Ion-Line Enhancement

Figure 21 shows an ion enhancement obtained using coded pulses.

The ion component shows a highly variable amount of enhancement.
On two occasions measurement of the autocorrelation function indicated
enhanced correlation beyond the first autocorrelation zero crossing, which
indicates the presence of spikes in the frequency spectrum at the ion
acoustic frequency, as is predicted by the parametric theory, The fact
that the cross section increases shows that the effect is due to HF

enhancement of the ion line and not only to temperature increase.
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3. Vertical~Looking Radar at Platteville

During the last quarter of 1973, a vertically directed 350-)Miz
radar at Erie, Colorado, was employed by ITS in attempts to detect en-
hanced plasma-line scattering over Platteyille.9 At the present time it
appears that detections may have been made. Because this radar is grossly
less sensitive than the AO radar, a detection of enhanced plasma-lines
at Platteville would imply a significantly greater level for these
fluctuations at Platteville than that observed at AO, Such a difference
could result from the somewhat higher power density of the Platteville
heater ana/or from the different geomagnetic field orientation at the two

locations.

4, Ion-Wave Scatter from North of the Heated Region

Ion-wave scatter, like plasma-wave scatter, is a relatively
weak scattering mechanism requiring sensitive diagnostics for meaningful
study. So far it is the only scattering mechanism that has been observed
EQEEE of the heated region.® The magnitude of the scattering cross
section was zbout 103 m2 when observed over a long oblique path oriented
to providé scattering from planes normal to the geomagnetic field in the
heated region. It was observed on three TV video carrier signals on a
single day at frequencies of 55 and 61 MHz. No subsequent observation
was attempted. The observed scattered signal appeared as two components
shifted in frequency above and below the incident frequency by about
200 Hz~~a value comparable with Doppler shifts expected for F-region
ion-acoustic waves. Very livtle is empirically known about the maximum
magnitude or geometrical and frequency dependencies of ion-wave scatter,
but their observation in this geometry indicates that plasma-waves having

the same orientation should be present.
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5. Plasma-Wave Scatter from North of the Heated Region

Two experiments, possibly of marginal sensitivity, have been
conducted in an effort to verify theoretical predictions of strong plasma
waves propagating in a small cone of angles about the geomagnetic field
direction. One attempt has been made at each of the heating facilities.
No scattering, at least of the magnitude expected frca theor:tical
studies, was found. It appears that these negative results are in such
disagreement with otherwise acceptable theories that a repeticion with

greater sensitivity and using a range of probing frequencies is warranted.?
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IV MODELS

A, General

A model for the "on-frequency” field-aligned scattering has been
developed on the basis of the work performed to date by all the members
involved in the modeling task. The model is intended primarily for use
in systems applications and its presentation format has been adopted
adopted accordingly. An attempt is made here to present the model in a
form that would best meet its intended objective, and it is hoped that

it reflects the consensus of the modeling group.

The formulation of the model begins with a physical description of
the scattering medium that specifies the dimensions of the disturbance,
the wavenumber spectrum of the density fluctuations, and a yicld model
relating the fluctuation intensity to the heater power density. The
characterization of the medium is an important aspect of the modeling
task and we strive in this presentation to see that it is consistent with
all the av;ilable observations to the best possible extent. It is followed
by a description of the radar properties of the disturbed volume where
the concepts of aspect sensitivity and surface of specularity are intro-
duced, as well as the underliying principle relating the bistatic and
monostatic scattering geometries. The mathematical component of the
model is only summarized here; detailed derivations have been given else~
where.>® It is presented in two parts, each representing a different
degree of sophistication in computing the total radar cross section. The
first part is concerned with a general case where u bistatic geometry
and a realistic yield model are considered and it involves a numerical ap-

proach. The second part, considering a monostatic geometry and an idealized
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yield model, offers an analytic solution. This case is of interest since
a general bistatic radar problem can be reduced to an equivalent monostatic
case and can be evaluated to first order without resorting to a complex
computer program. Finally a schematic flow diagram is given for computer

adaptation of the model.

B. Physical Description of the Scattering Medium

1. Dimensions of the Disturbance

The physical model of the disturbance generated by the Platte-
ville heater is shown pictorially in Figure 22. The disturbed volume
containing the small electron-density fluctuations responsible for the
field-aligned scattering of the radio waves is a diffuse region centered
above the heater at the height where the heater frequency equals the
local ionospheric plasma frequency. The strength of the irregularities
falls off above and below this altitude with a gaussian scale length of
7.5 km (15 km between 1l/e points). The lateral dimensions of the volume
are set by the width of the heater antenna beam: Ifor the Platteville
heater this sets the gaussian radius of the disturbed volume at 50 km
(100 k¥m between 1/e points) for a heater reflection height of 240 km.
The disturbed volume can thus be visualized as a flat pancake-shaped
region with diffuse boundaries. At the center of the disturbed volume
the rms intensity of the electron density fluctuations is typically 1

to 1.5% when the heater is operating at its full power of 1.9 MW. The

physical description of the disturbance presented here has been arrived
at primarily by requiring the resulting scattering model to be consistent

with the radar observations.

2. Wavenumber Spectrum

The wave spectrum of the density fluctuations of the scattering

medium is related to the backscatter coefficient oy as:?
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¢ = LT— (—f—) P (2 Kz, 2 Km, 2 Kn) . 1)

In the case of strongly aspeci-sensitive scatter, the three-dimensional

wavenumber spectrum can be written in separable form or as::2

P (2 Kg, 2 Km, 2 Kn) = P (2 Kg, 2 Km) Py (2 Kn) 2)

where the two components are defined in terms of the corresponding spatial
correlation functions. Using Eq. (2), and the approximations associated
with the high aspect sensitivity of the scatterers, a relation between

O the total radar cross section, and the axially symmetric transverse
spectrum P_L (2K) was derived by Pendyala and Thome as:1®

2
150 W R (AN/N) P (2K)
1
3
2 ” 3)
K4 ( 2 a w si 2 )
y (C0s” &+ Az in” g

2
0

O (K) =

where ¢ is_the tilt angle of the specular surface from horizontal, W

and A are the horizontal and vertical gaussian scale sizes of the dis-
turbance, AN is the background plasma wavelength, R is the range, and

K is the radar wavenumber. An integral form of Eq. (3) allows one to
determine the rus density fluctuations from the radar measurements as

shown in Ref., 16, Using the radar observations of Op shown in Figure 23,
the transverse spectrum and the density fluctuation intensity are evaluated

for the following parameters:

%N =5 m
9 = 10°

W =175 km
A=7.5km
R = 900 km.
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The rms density fluctuation was obtained as:

(AN/XN) ~ 1.5% .
rms

The transverse spectrum derived from the radar observations is also shown

in Figure 22. It is a three-segment spectrum such that

P (K)=0.4 0.8 < K < 3.
( T) ( < - 3)
4 -8.3
=0.8x 10 K 3.3 <K <6.
X - ( - 6)
-2  =1.1
= 0.8 x 10 KT (6.6 < KT < 18.23) .

The curve through the hatched region of the wavenumber spectrum represents

a double~-gaussian fit of two correlation scale sizes.

—_— 2
3. Yield Model [ (AN/N) Dependence on Heater Power Density]

One of the important elements of the scattering model is the
density-fluctuation intensity (Z§7§)2. A model as to how this quantity
depends on the heater power density, referred to as yield model, is
presented in this section, There are two ways to arrive at the desired
model on the basis of the radar observations relating the total cross
section GT to the heater power PH. One involves performing a numerical
inversion of the observed radar data to obtain the required solution.
The other method is indirect, in that a model will be assumed to start
with, and will be tested for its validity by synthesizing the radar cross
sections and comparing them with the measurements. The second method
has been adopted here since it is relatively simpler. It is assumed in
the analysis given here that the heater power affects only the intensity

and not the spectrum of the density fluctuations.

Radar observations from PRAIRIE SMOKE V show a wide variability

in the radar cross~section yield as a function of the heater power. The
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results may be classified into two types: one revealing a constant slope
and the other revealing a variable slope with the heater power. Most
measurements fall into the first category, and they are shown in the form
of scatter plot in Figure 24. The cross section has a power-law dependence
on the heater power, with the exponent ranging over 0.3 to 1 with a

median value of about 0.65. 1In the case of SRI data, it was found that
lower slopes are in general associated with the conditions when the heater
is operating close to the critical frequency. For these measurements of
constant slope, the yield model relating (Z§7§)2 to the heater power den-
sity is the same as that relating the cross section to the heater power.

In some instances, the second type of behavior with variable slope is
noted, although the conditions under which this happens are not yet
identified. Influenced by the observed behavior, we have started with a
simple two-step model with density fluctuations increasing linearly with
power density up to a certain level and 0.33 times as rapidly above that
level (Figure 25). Based on the model, the computation of the normalized
total cross section as a function of the heater power proceeds as described

earlier by Pendyala and Thome.l® Briefly it is as follows:

Eirst, the power densily distribution on the heater reflectrix
is obtained using a gaussian pattern for the heater antenna. The next
step involves converting the power density to density fluctuation using
the functional dependence shown in Figure 25. In order to compute the
radar cross section, however, the density fluctuations had to be calculated
on the specular surface., Using the geometry shown in Figure 26, the
following expression involving an arbitrary constant C is derived for the

total cross section o, (Pendyala and Thome):*®

© 25
J—

Op = C (AN/N)R exp - (d/A)2

P dR dd . 1)
cos §
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FIGURE 25 THE TWO-STEP YIELD MODEL FOP (AN/N)2 ON WHICH THE
COMPUTATIONS ARE BASED

The above surface integral is numerically evaluated by dividing the
surface into concentric rings as shown in Figure 26. The outermost ring
encloses all the area of interest with dimensions twice the gaussian
diameter o; the disturbance. The cross section is calculated for different
power values relative to its value when the heater is operating at the
maximum power, Figure 27 shows a comparison between the synthesized
(dashel curve) and the observed cross-section dependence on the heater
power. Given the uncertainties in the yield measurements, the simple
model prescented here can be considered adequate to account for the power
dependence of the radar cross section. Some caution should, however, be
exercised in adopting a simple yield model because of the wide variability

seen in the measurements.
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ADOPTED IN DERIVING THE YIELD MODEL

C. Radar Properties of the Disturbed Volume

1. Aspect Sensitivity and the Concept of a Surface of Specularity

The high aspect sensitivity of the scatterers leads to an
important modeling concept-~-the surface of specularity. The importance
of the concept is, first of all, that it helps to physically understand
the radar results, and secondly, that it reduces the numerical task of
computing radar scattering cross sections from a 3-dimensional problem
to a 2-dimensional problem. Consider first the optical analog shown
in Figure 28. The glass rods are aligned with the earth's field and rep-
resent the small field-aligned fluctuations in refractive index caused
by heating the ionosphere. The light from the candle flame is partially
reflected by the glass rods, and an observer behind the candle sees an

image of the flame at the specular point on each rod. If there are
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FIGURE 27 COMPARISON BETWEEN EXPERIMENTAL AND COMPUTED
RADAR CROSS-SECTION DEPENDENCE ON HEATER POWER

many closely spaced rods, the images from each will blend together to form
a bright "specularity surface” on which the specular points for all rods
lie. The only part of the rod that matters for the observer is the segment
that coincides with the specularity surface. The corresponding picture
for the radar case is shown in Figure 29. The glass rods have been re-
placed by the field-aligned electron-density irregularities caused by

the heater. In this case, the height where the heater frequency matches
the local plasma frequency is well above the specularity surface for the
radar and consequently only the weak lower tips of the irregularities are
"seen'" by the radar. The received signal strength will consequently be
weak. The situation can be improved by lowering the heater frequency

(and consequently the height where the heater frequency matches the plasma
frequency) till the disturbed volume coincides with the surface of specu-
larity. The concept is qualitatively the same for bistatic as well as

for monostatic paths. The procedure is to compute the surface of specularity,
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FIGURE 28 ILLUSTRATION OF THE OPTICAL-ANALOG CONCEPT OF A SURFACE OF
SPECULARITY FOR REFLECTIONS FROM A BUNDLE OF CLOSELY SPACED
FIELD-ALIGNED SCATTERERS (glass rods)

given the end points of the path and a model of the earth's field, and
then use the strength of the scatterers lying on the surface to compute
the effective scattering cross section of the disturbed volume. This
converts the computational problem from a volume integration to a surface

integration with a corresponding reduction in complexity.

2. Bistatic vs Monostatic Scattering Geometries

When the receiver and transmitter of a communications path are
separated from each other (bistatic rather than monostatic operation)
the scattering properties of the disturbed volume are modified. The
principal modification is that the size of the irregularities that st'pport
scatter over bistatic paths is larger than the size that supports back-
scatter at the same frequency., The situation is shewn in Figure 30. The
Bragg condition for constructive interference says that the spatial

Fourier component, which counts in determining the strength oi the wave
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FIGURE 29 THE SURFACE OF SPECULARITY FOR THE BACKSCATTER-RADAR CASE

scattered through an angle 4, is the component of spatial wavelength
s = A/2 sin (8/2), where M\ is the wavelength of the incident radio wave.
When this condition is met, the waves scattered from adjacent crests of

the spatial Fourier components will differ in phase by exactly one wave-

length and thus will add coherently in the direction of interest. Figure

30 illustrates the fact that the spatial wavelength of interest becomes
longer as the path changes from monostatic to bistatic. Since the
strength of the spatial f.requency spectrum increases monotonically as
the wavelength becomes longer (see Figure 23), the disturbed volume will
scatter more strongly over a bistatic path than over a backscatter path,

all else being equal.

The "bistatic gain” predicted by the model for a 90° scattering

angle is shown in Figure 31. The shaded area shows the range in which
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FIGURE 30 ILLUSTRATION OF BRAGG SCATTERING SHOWING THAT THE WAVELENGTH
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OF THE SIGNAL SCATTERED THROUGH AN ANGLE 0 INCREASES AS THE
SCATTER GEOMETRY CHANGES FROM MONCSTATIC TO BISTATIC

backscatter measurements of total radar cross section fall as a function
of frequency. The solid "backscatter" curve shows that the model pre-
dictions are in agreement with the observations, and the solid "bistatic”
cuvve shows the increase in cross section expected for a 90° scattering

angle. Gains of 10 dB or more can be expected, depending on frequency.

D. Mathematical Model for Orp

1. General Case (Bistatic Geometry and Realistic Yield Model)

The formulation of the mathematical model presented in detail
elsewhere'® involves, basically, the derivation of an expression for the
radar cross section per unit area OA on the specular surface., The total

radar cross section per unit volume OT is computed by numerical evaluation
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of the surface intcgral ol g\. The radar cross section per unit volume
§
vy of the scattering medium, which must be integrated along the direction

normal to the specular surface to obtain o\, is expressed by Booker as:*7
§

2 2
Y —'—T_l G PK (4, - 2, K (n, = m), K (n, - n)} ®)

N
N

where
¥ = Angle between incident E vector and the direction
of scattering
XN = Background plasma wavelength

n.) = Direction cosines of incident wave vector

yp myp ™y

"

n_ ) Direction cosines of scattered wave vector,

(9,2, W, Ny
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Resolving the three-dimensional wavenumber spectrum into parallel and
transverse components and using the yield and wavenumber spectrum models
described earlier, Eq. (5) is integrated with respect to z to obtain the
cross section %A for the elemental area dAi of the specular surface

Al

shown in Figure 32, M is obtained as::®

2 2 1 -——7—)2

7 si N/N
moYy pt BV, ) . \
Ty = > 1/ "3 1 PJ_(2K sin @s_,z) (53

1 0 1° 2 = N 5
MR cos yi i
1+ > 2 2
8 L A

where L is the longitudinal gaussian correlation scale size of the ir-

regularities, Yi is the complement of the dip angle, ési is the scattering
. . 1

angle, X\ is the operating wavelength, and R = 2R1R2/(R1 + Rz), Rl and R2

being the ranges from transmitter and receiver to the scattering volume.

The total cross section is obtained by numerical evaluation of the surface

integral of GA' Thus
i=N
- aa = Z 1A 7
O oy o0y My (7)
i=l

where N is the number of elements into which the active region of the

specular suriace is divided.

2, Special Case (Monostatic Geometry and Idealized Yield Model)

The scattering model for the total cross section can be presented
in an analytic form for the special case of a monostatic geometry and
an idealized yield model. The solution is of some interest since a
general bistatic radar problem can be reduced to an equivalent monostatic

case and can be evaluated to a first order without resorting to a complex
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FIGURE 32 SKETCH OF BISTATIC-RADAR GEOMETRY SHOWING THE
COORDINATE SYSTEMS ON THE SPECULAR SURFACE AND
THE HEATER REFLECTRIX USED IN THE MODEL
computer program. The approximate nature of the solution is a consequence
of two simplifying assumptions that readily permit an analytic descrip-
tion to thg model, The assumptions are that the magnetic field is con-
stant over the dimensions of the scattering volume and that the intensity
of the density fluctuations is directly proportional to the power density
on the heater reflextrix. Starting with Eq. (1) and following the steps

1?2

given by Pendyala and Thome,ls: we obtain the following equivalent

monostatic form for a bistatic radar illuminating the eniire disturbed

volume:
£ 2 1
Zt sin W AR —_2
a  (K) = (AE exp -~ {Dz/Az} P, (2K sin ¢ /2)
T 4 N 1 s
AN o
1
(8)
o
2 w2 .2 1/2
cos § + —; sin ¢
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where D is the on-axis mismatch distance between heater reflectrix and

specular surface, gs is the scattering angle and the equivalent range
1
R =2 Rl Ro/(R1 + Ro). The above equation will e useful for the pur-

pose of quick evaluation of a given radar link. The reader is referred

to Pendyala and Thome*® for an expression when a pulse radar is employed

and only a portion of the disturbance is illuminated.

E. Model Verification

According to the model presented above, there will be an enhancement
in the radar cross section to be gained by going from monostatic to
bistatic configuration when operating in the region where the spectral
function PJ-(KT) decreases with the increasing wavenumber. A multistation
CW scattering experiment designed to verify the model prediction was con-
ducted by SRI using an operating frequency of 144 Miz that falls in the
region of steep slope of the cross section-versus—frequency curve (Frank
et al., 1973).2% The experiment involves a comparison of the cross
sections observed over a near-backscatter path with & = 168° (Ocotillo-
Lancaster) and a forward-scatter path with és = 89° (Ocotillo-luntsville).
The observations show a 10-dB gain in the cross section for the forward-
scatter path relative to the backscatter casc. The scattering model
predicts an enhancement of about 14 dB on the assumption that the polari-
zation and mismatch effects are small. The difference noted between the
model prediction and the observation is considered to be within the error

bounds of the experiment.

F. Analytical Model for AST

The easiest aspect of ASF to quantify is its effect on a UHF radio
signal transmitted through the ionosphere. Such a signal undergoes a

random phase perturbation with rms value Y, in radians, given by
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> 2 /f F2 2
2 5 ) 2
= — ( ) D sec i cosec * g (x,y,h} ( ) dh 9)

[

vhere M\ is the wavelength of the probinxz signal, and £ is its frequency;
IOF2 is the ordinary-wave critical frequency of the F2 laver; D is the
e~iolding correlation distance of the ASF irrcgularities transverse to the
magnetic field; i and » are the angles the line of sight makes with
the vertical and the magnetic field, respectively; g is the rms fractional
deviation in electron density: and X‘Nm is the ratio of the electron
density at height h to that at the F-layer maximum. Now consider a
satellite height hs that is far above the F-layer peak, zenith angles
less than about 60" (so vhat earth curvature can be neglected), and ir-
regularity size D that is independent of altitude. Choose a coordinate
system with x to the magnetic north, y to the magnetic cast, h vertical,
and the origin at the heater transmitter. Then the center of the disturbed
region at 300-km height and distance XO to the north, has coordinates

[(xo - (h - 300) cot §), €, h]
where § is the local magnetic dip. Other than XO’ the three parameters
that seem to be required to specify the general form of the spatial
variation of g are the vaine go at the center of the disturbed region,
and its e-folding distances X,Y in the north-south and east-west dircc-
tions. Within the region where earth curvature and magnetic-field
curvature may be neglected, the spatial variaiion of g secms to be welil
represented by

2 2 . 2 7 2 2
§ = g, CXp {~Ix - X0 + (h = 300) cot §] /X =y /Y } . (10)

75




For typical conditions corresponding to ordinary-wave heating with maximum

power, the following approximate values of the parameters apply:

0.007

&

X 30 km

0

n

X =Y =50 km,

Inserting g from Eq. (10) into Eq. (9)., with the approximations listed

above, we obtain

1) 4 e
2 ﬁs,- £0F2 ' 2 X 2
Y = }2 —Er— D sec 1 cosec i go Nm exp
’ 0
- 2 2 2 2
{~[x - Xg * (h - 300) cot §] /X -y /¥ VY an ., (11)

In this equation, of course, the values of X and Y are parametrically
determined as functions of h by the equation for the line of sight {which
will be a straight line for the conditions of UHF propagation for which

Eq. (9) applies].

The integral in Eq. (11) can be conveniently evaluated once we note
that most of the height valuation of the integrand is contained in the
term (N/Nm)z, and that the exponential of the integrand is nearly constant
over most of the range of interest. To a good approximation, therefore,
we may write

5/2
T

2
Y =

£ F2 2
0 D sec 1 cosec § g _ exp

2 1 0

A

o

2
.22 2 2 N
{-[xm - Xy + (hm - 300) cot 5§} /X -~ ym/Y ] (E—) dh (12)

0 m
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vhere the integral in this equation is typically about 120 km, and xm
and ym are the coordinates at which the line of sight intercepts the

height of maximum of the layer.

If we further make the approximation that the region of disturbance

is circular, we can put X = ¥ = R, and Eq. (12) becomes

2
2

4
2 2 2 N
D sec i cosec ¢ go exp (-» R) (§~) dh (13)

“m
0
wvhere r is the herizontal distance between a point at which the line of
sight intercepts the heignt of maximum of the layer, and a point at the

same height on the field 1line that passes a distance xo north of the

heater transmitter at an altitude of 30C km.

2
The variation of go with yield is well represented by a proportionality

to heater power; there is some evidence that the value of go at night is
approximately twice that during the day, though focusing effects produce
variations in x_ that tend to make this effect less definite.

0

G. Relationship of FAS to ASF

The wavenumber spectrum of FAS shown in Figure 23 is produced by an
rms electron density fluctuation go of about 0,01. There ore, the
spectrum may be replotted as a spectral density Q (kT), proportional to

P (kT), and satisfying

2
Q (k'l‘) d kT = go . (14)

This plot is shown in Figure 33. The fluctuations at the much larger

scales 1in ASF have a go that is also about 0.0l, and can be represented
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FIGURE 33 DERIVED TRANSVERSE-WAVENUMBER SPECTRUM OF
DENSITY FLUCTUATIONS

also as a spectral density satisfying Eq. (14). Since the wavenumbers
differ by a factor of over 100, the ASF does not contribute to FAS cf-
fects, nor does FAS contribute to scintillation effects. Nevertheless,

they are both part of the same wavenumber spectrum.

H. Concluding Remarks

The scattering model presented here deals only with the so-called
"on-frequency” component of scatter from the heat~d volume. There are

other components (e.g., ion lines and plasma lines), but these are

relatively weak and appear to be of secondary importance for applications.

The model has been developed on the basis of information available pri-
marily from the field experiments reported to date. In order to place
the model on a firmer ground, relevant laboratory and theoretical contri-
butions also need to be incorporated into the model, Although the model

is based on the cobservations limited to the conditions of ordinary-mode

78

[




heating of the daytime F region, the underlying concepts apply as well
to any other situation where the scattering mechanism is identified to
be the same. Specifically, the model needs to be extended for the E

region and the nighttime heating conditions.

79

[




V THEORY

A. General

The ionosphere is one of the few regions where man can apply cnough
power to substantially mcdify the energy content of the environment on
a large scale. The plasma of the ionosphere is sufficiently dilute to
have small heat capacity, yet is sufliciently close so that man-made
encrgy fluxes are not overly weakened by the inverse-square falloff with
distance. An estimate of the power required to raise the ionospheric
electron temperature by a factor of 2 is straightforward: the electron
heat content, U, of (100 km)3 of ionospheric plasma with n = 4 X 105 cm-'3
and Te = 1000°K is U :. 10 MW s, while the electron-ion energy equipartition
time is teq ~ 50 s. Hence, transmitters of megawatt power levels focused
onto areas of (100 km)2 at ionospheric heights can substantially alter the
electron temperature if all the incident power is absorbed. Furthermore,
incident power fluxes that are intensec cnough to modify the energy balance
through ohﬁic heating can also cause parametric instabilitices that produce
additional nonlinear absorption.!® For orientation, onc should note that
an incident energy flux of 1 MW/104km2 =10 ergs/cmz-s substantially

3 2
exceeds the energy fluxes of (3-10) x 10 ecrgs.cm -s due to photoelectrons

and heat conduction in typical daytime ionospheres.

A useful overview of ionospheric heating can be gained by examining
the distribution of energy losses due to various dissipative processcs
and the concomitant ionospheric changes that are produced by these mecha-
nisms (Figure 34). In the F layer, ohmic heating, due to deviative
absorption, and nonlincar heating by various mechanisms, principally the
parametric decay iunstability, account for the absorption of as much as

Preceding page blank

81




10-30% 10-30%
OHMIC N NON-LINEAR
HEATING HEATING
AT | N I
¢
PLASMA WAVE
fn - EXPANSION ENHANCEMENT
An - REDUCED DIFFERENTIAL
RECOMBINATION HEATING
SELF-FOCUSING
ELECTRON ACCELERATION
40-80%
REFLECTED
SCATTERED
TRANSMITTED
INCIDENT
ER®=50-100 MW
POWER FLUX=50-100 pW/m’ F-LAYER
800-1600 ,Lwlm2 D&E

8727-65-425

FIGURE 34 DISTRIBUTION OF LOSSES AND THE ASSOCIATED IONOSPHERIC
CHANGES PRODUCED BY RADIOWAVE HEATING

60% of the incident power. The gencration nf large plasma-wave intensi-
ties contribu